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Microorganisms mobilize phosphorus (P) in soil by solubilizing bound inorganic P from
soil minerals and by mineralizing organic P via phosphatase enzymes. Nitrogen (N) inputs
are predicted to increase through human activities and shift plants to be more P limited,
increasing the importance of P mobilization processes for plant nutrition. We studied how
the relative abundance of P-solubilizing bacteria (PSB), PSB community composition,
and phosphatase activity respond to N and P addition (+N, +P, +NP) in grassland soils
spanning large biogeographic gradients. The studied soils are located in South Africa,
USA, and UK and part of a globally coordinated nutrient addition experiment. We show
that the abundance of PSB in the topsoil was reduced by −18% in the N and by −41%
in the NP treatment compared to the control. In contrast, phosphatase activity was
significantly higher in the N treatment than in the control across all soils. Soil C:P ratio,
sand content, pH, and water-extractable P together explained 71% of the variance of
the abundance of PSB across all study sites and all treatments. Further, the community
of PSB in the N and NP addition treatment differed significantly from the control. Taken
together, this study shows that N addition reduced the relative abundance of PSB, altered
the PSB community, and increased phosphatase activity, whereas P addition had no
impact. Increasing atmospheric N deposition may therefore increase mineralization of
organic P and decrease solubilization of bound inorganic P, possibly inducing a switch
in the dominant P mobilization processes from P solubilization to P mineralization.
Keywords: enzyme activity, nitrogen fertilization, Nutrient Network (NutNet), phosphate solubilization, phosphorus
cycling, phosphorus mineralization, phosphorus mobilization
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INTRODUCTION
The availability of reactive nitrogen (N) has strongly increased
during the last century through anthropogenic activities
(Schlesinger, 2009) and is not paralleled by a similar increase
in phosphorus (P) inputs to terrestrial ecosystems (Peñuelas
et al., 2013). This imbalance between N and P inputs might
shift plant productivity in grasslands toward P limitation (Elser
et al., 2007). Therefore, it is important to understand processes
of microbial P mobilization such as mineralization of organic P
and solubilization of bound inorganic P, which maintain plant P
nutrition. A key knowledge gap is the role that N supply plays
in P mobilization processes and how N affects the community
composition of P-solubilizing bacteria (PSB).
Plants and microorganisms mineralize organic P through the
release of phosphatase enzymes that catalyze the hydrolysis of
organic P, and turn organic P into inorganic P, which can be taken
up by plants. The production of phosphatase enzymes depends
on soil organic matter content, soil pH, plant and microbial
nutrient demand, and, in particular, on N availability (Olander
and Vitousek, 2000; Sinsabaugh et al., 2008). Hence, N addition
often increases phosphatase activity (Marklein and Houlton,
2012; Heuck et al., 2018). In contrast, inorganic P addition
can reduce phosphatase activity in soils because organisms stop
producing phosphatase when supplied with inorganic P (Olander
and Vitousek, 2000; Sinsabaugh et al., 2008; Marklein and
Houlton, 2012).
Soil P solubilization is defined as the mobilization of inorganic
P bound to soil minerals, of which most are apatites, leading to
a release of plant available P into the soil solution (Hinsinger,
2001; Walpola and Yoon, 2012). Different mechanisms for P
solubilization are known, which include the release of protons,
chelation, exchange reactions, and production of various acids
(Jones and Oburger, 2011; Walpola and Yoon, 2012). One of
the main processes of P solubilization is acidification through
the release of protons, which can be accelerated by plant
and microorganisms (Hinsinger, 2001; Jones and Oburger,
2011). Furthermore, plants, and microorganisms can stimulate P
dissolution by the release of organic acids, exopolysaccharides,
and siderophores (Reid et al., 1985; Yi et al., 2008; Jones and
Oburger, 2011).
Both P mineralization and P solubilization likely underlie
stoichiometric constraints, because microbes need N and
organic C to produce phosphatases. Further they need
organic compounds as a C source to produce acids and
exopolysaccharides that solubilize P (Spohn, 2016). Moreover,
the production of these compounds requires N for transcription
and translation. Yet, the effect of N and P availability on P
solubilization and the abundance of PSB has rarely been studied
(Mander et al., 2012; Lepleux et al., 2013; Nicolitch et al.,
2016). In a temperate beech forest, PSB were significantly more
abundant in nutrient-poor than in nutrient-rich soils (Nicolitch
et al., 2016), and PSB were significantly more abundant in
unfertilized soils than in soils fertilized with P in three long-term
grassland fertilizer trials in New Zealand (Mander et al., 2012).
These studies suggest that the abundance of PSB is enhanced
in nutrient-poor soils and suppressed by P addition, however,
it is not clear yet how increasing N supply with and without P
influences the abundance of PSB. Since N additionmight increase
P demand and N is required for the production of solubilizing
compounds, we expect an increase of PSB under N addition.
While it has frequently been reported that N and P addition
can shift the overall microbial community composition (Fierer
et al., 2012; Leff et al., 2015; Schleuss et al., 2019), few studies
have been conducted with regard to PSB communities. Several
bacterial genera such as Pseudomonas, Burkholderia, Bacillus,
Enterobacter, Erwinia, Serratia, Acinetobacter, and Rhizobium
are able to solubilize P (Rodriguez and Fraga, 1999). Under
nutrient deficiency, PSB belonging to the genera Collimonas,
Burkholderia, and Kitasatospora were more abundant than
under high nutrient supply (Nicolitch et al., 2016). Furthermore,
long-term P fertilization altered the abundance ofActinobacteria,
Pseudomonadaceae, and Moraxellaceae (Mander et al., 2012).
However, little is known about PSB community changes under
single and combined N and P addition.
Here, we use a standardized nutrient-addition experiment at
six grassland sites in South Africa, the USA, and the UK to
investigate the effects of N and P additions on P mobilization in
soil. Specifically, we used a dual approach investigating indicators
of P solubilization from minerals (abundance of PSB) and P
mineralization from organic matter (phosphatase activity). We
studied how single and combined addition of N and P affects
the relative abundance of PSB, community composition of PSB,
and phosphatase activity. We hypothesized that (i) P addition
decreases the relative abundance of PSB and phosphatase activity
(ii) N addition increases the relative abundance of PSB and
phosphatase activity, and (iii) N, P, and NP additions alter the
community composition of PSB.
MATERIALS AND METHODS
Sampling Sites and Experimental Design
We sampled soil at six grassland sites located in South Africa,
the USA, and the UK (Table 1 and Supplement A) belonging
to a globally replicated experiment (Nutrient Network, Borer
et al., 2014). The sites were chosen because they span large
biogeographical gradients (Tables 1, 2) and represent some of
the major types of grasslands that exist globally. To understand
interactions between N and P supply and to test whether P
availability influences P mobilization processes, we analyzed not
only effects of N addition, but also independent and interactive
effects of N and P addition. We sampled the soil in four different
treatments, namely control, +N, +P, and +NP. Nutrients were
applied annually to the experimental plots at the beginning of the
growing season: 10 g m−2 yr−1 as time-release urea [(NH2)2CO],
and 10 g m−2 yr−1 as triple-super phosphate [Ca(H2PO4)2],
and the nutrient addition treatment had been in place for at
least 7 years at the time of sampling (2017). The added amount
of N and especially P in our study is higher than current
levels of atmospheric deposition based on two reasons. First,
to identify differences between the control and the treatments,
the nutrient additions needed to be significantly larger than
current atmospheric deposition. Second, the nutrient addition
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TABLE 1 | Site name, site code, country, habitat, elevation, latitude, longitude, mean annual precipitation (MAP), mean annual temperature (MAT), and the duration of the
nutrient addition treatments of the six grassland sites.
Site name Site code Country Habitat Elevation (m) Latitude Longitude MAP (mm) MAT (◦C) Nutrient addition (years)
Ukulinga ukul.za South Africa Mesic grassland 843 −29.67 30.4 838 18 7
Summerveld summ.za South Africa Mesic grassland 679 −29.81 30.72 809 18 7
Cedar Creek cdcr.us USA Tallgrass prairie 270 45.43 −93.21 800 6 9
Chichaqua Bottoms cbgb.us USA Tallgrass prairie restored 275 41.79 −93.39 891 9 7
Rookery rook.uk UK Mesic grassland 60 51.41 −0.64 678 10 9
Heron’s Brook hero.uk UK Mesic grassland 60 51.41 −0.64 678 10 9
TABLE 2 | Soil texture, pH, total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) in 0–15 cm and 15–30 cm depth in the soils of the control treatment
at the six sites.
Site code Depth Sand Silt Clay pH1 TOC TN TP
(cm) (%) (%) (%) (g kg soil−1)
ukul.za 0–15 4.2 42.5 53.3 5.89 41.97 ± 1.7 2.89 ± 0.2 0.45 ± 0.02
15–30 5.1 39.8 55.1 5.83 37.53 ± 3.0 2.60 ± 0.1 0.39 ± 0.02
summ.za 0–15 49.6 33.5 16.9 5.20 49.10 ± 2.5 2.80 ± 0.1 0.37 ± 0.01
cdcr.us 0–15 90.1 6.7 3.1 5.27 9.44 ± 0.9 0.71 ± 0.1 0.31 ± 0.03
15–30 85.8 10.8 3.4 5.36 5.17 ± 0.9 0.35 ± 0.1 0.24 ± 0.03
cbgb.us 0–15 85.3 10.3 4.5 5.73 7.15 ± 2.2 0.64 ± 0.2 0.28 ± 0.02
15–30 83.4 11.3 5.3 5.40 4.10 ± 0.4 0.38 ± 0.1 0.24 ± 0.03
rook.uk 0–15 74.9 18.4 6.7 3.76 24.33 ± 2.1 2.06 ± 0.1 0.38 ± 0.01
15–30 75.7 19.0 5.3 4.10 10.52 ± 1.2 0.96 ± 0.1 0.27 ± 0.01
hero.uk 0–15 65.2 25.2 9.6 5.12 36.70 ± 5.6 3.15 ± 0.6 0.62 ± 0.13
15–30 65.5 24.9 9.7 5.24 24.36 ± 2.9 2.11 ± 0.2 0.54 ± 0.12
The soil at the site Summerveld (summ.za) was only sampled in 0–15 cm depth. Numbers depict means± standard deviations (n= 3). Details on soil pH, TOC, TN, and TP concentrations
under nutrient addition can be found in Table S1.
1Measured in deionized H2O.
treatments needed to be high enough to identify changes in
a field experiment against a background that changes due to
heterogeneity in soil properties. The experimental design is a
randomized block design and each treatment was applied to 5 ×
5m plots and replicated three times at each site. Further details
of the experimental design are explained in Borer et al. (2014).
Sampling and Sample Preparation
At all sites, samples were collected at the end of the vegetation
period in 2017 (February in South Africa, September in the USA,
and October in the UK). Soil samples were collected from two
depth increments (0–15 cm, 15–30 cm, both located in the A
horizon of each soil), except for Summerveld (summ.za), where
only the first depth increment was sampled because the soil was
very shallow. Six soil samples were taken per plot using a 3.5 cm
diameter soil corer, and the samples were combined into one
mixed sample per plot. Samples were shipped to the University
of Bayreuth within 1 week after sampling. Soils were sieved (<
2mm) and stones and roots were removed. To determine water
content and water holding capacity, an aliquot of the samples was
weighted, soaked with water, drained for 24 h in a sand bath and
weighted again before and after drying at 105◦C. After sieving,
water holding capacity was adjusted to 60% and samples were
pre-incubated for 1 week at 15◦C for subsequent measurements
(i.e., soil water extracts, and phosphatase activity). Samples for
total C, N, and P concentration analyses were dried at 60◦C and
subsequently milled using a ball mill.
Soil Chemical Parameters
Soil pH was measured in deionized water in a soil:water
ratio of 1:2.5. Soil samples were dried at 60◦C and milled
before measuring total organic C (TOC) and total N (TN)
using an element analyzer (Vario Max Elementar, Hanau,
Germany) and total P (TP) using ICP-OES (Vista-Pro radial,
Varian) after a pressure digestion in aqua regia. Dissolved
organic carbon (DOC), dissolved nitrogen (DN), and dissolved
inorganic phosphorus (DIP) were extracted from 20 g of soil
(dry-mass equivalent) in 80ml deionized water by shaking for
1 h. Subsequently, the extracts were passed through 0.45µm
cellulose acetate filters and quantified (TOC, TN: TOC:TN
Analyzer, multi N/C 2100, Jena Analytics, Germany, and DIP:
UV 1800, Shimadzu). Adsorbed P (Bray-1 P) was extracted
from 4 g of soil (dry-mass equivalent) in 40ml Bray-1 solution
(0.03M NH4F−0.025M HCl) (Bray and Kurtz, 1945) and was
determined colorimetrically by a multi-plate reader (Infinite R©
200 PRO, TECAN), using the molybdenum blue method
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(Murphy and Riley, 1962). Total organic phosphorus (TOP) was
determined by the ignition method according to Saunders and
Williams (1955) modified by Walker and Adams (1958). An
aliquot of each sample was ignited at 550◦C in a muffle furnace.
Both ignited and non-ignited aliquots were extracted in 0.5M
H2SO4 for 16 h on a horizontal shaker followed by centrifugation
at 1,500 × g for 15min. TOP was calculated as the difference
between ignited and non-ignited samples. Phosphorus fractions
were measured according to the Hedley fractionation (Hedley
et al., 1982) modified by Tiessen and Moir (2007). Dried soil
samples of the control were milled and 0.5 g soil and 30ml
deionized water were shaken for 16 h on an overhead shaker and
centrifuged at 4,100× g for 15min. Inorganic P in water extracts
was measured colorimetrically by a multi-plate reader using the
molybdenum blue method. The remaining soil was subsequently
extracted in 30ml 0.5M NaHCO3 (labile P), followed by an
extraction with 30ml 0.1M NaOH (occluded P), and 30ml 1M
HCl (apatite P). Total P of NaHCO3, NaOH, and HCl extracts
were measured using ICP-OES. Residual P was calculated by
subtracting all P fractions from TP.
Soil Microbial Biomass C and Microbial
Community Composition
Microbial biomass C was determined using the chloroform
fumigation-extraction method (Vance et al., 1987). Each soil
sample was split into two samples, of which one was fumigated.
Fumigated and non-fumigated samples were extracted in 0.5M
K2SO4 in a ratio of 1:5 (soil:extractant, m/v). Total C was
measured by a TOC:TN Analyzer (multi N/C 2100, Analytik
Jena, Jena, Germany). To calculate the concentration of microbial
biomass C, the concentration of C in the non-fumigated sample
was subtracted from the one in the fumigated sample and
multiplied by a conversion factor of 2.22 (Jenkinson et al., 2004).
For analysis of microbial community composition, DNA was
extracted from 250 to 500mg soil samples using the Nucleo-
Spin Soil’ kit (No. 740780, Macherey-Nagel) as described in
Heuck et al. (2015). Automated ribosomal intergenic spacer
analysis (ARISA; Fisher and Triplett, 1999) was adopted to
analyze bacterial and fungal communities in parallel as follows:
Ribosomal intergenic spacers/internal transcribed sequences
were PCR-amplified in two separate reactions using bacteria-
specific primers (ITSF and ITSReub; Cardinale et al., 2004) and
fungi-specific primers (ITS1F-Z and ITS2; White et al., 1990;
Weig et al., 2013), respectively. Five nanogram metagenomic
DNA was used in a 12.5ml PCR volume as previously
described (Weig et al., 2013). The ITSF forward primer was
labeled with fluorescent dye BMN-6 and the ITS1F-Z forward
primer was labeled with fluorescent dye BMN-5 (Biomers,
Ulm, Germany). Bacterial and fungal ARISA PCR products
were separated independently on the FragmentAnalyzer capillary
electrophoresis instrument (Agilent, Waldbronn, Germany)
equipped with a long capillary array (55 cm). Two microliter of
ARISA PCR products were used for the double-stranded DNA
kit DNF-910 (Agilent) and separated on the FragmentAnalyzer
using default specifications defined in the DNF-910 method
file accompanying the instrument. The electropherograms of
each sample were manually inspected using the Prosize software
(v3, Agilent) and a peak table including size of fragments and
peak intensity (RFU) was exported for further analyses. For
statistical analyses of the ARISA data, only fragments between
200 and 1,000 bp in size were selected and analyzed by the
Primer7 software (v 7.0.13, Primer-E Ltd.). PCR fragment profiles
were compared between samples by the shape of cumulative
frequency curves independently for bacterial and fungal ITS
amplification products: A matrix of the peak table (size in
bp vs. peak intensity/RFU) for all samples was imported in
Primer 7 for bacterial and fungal data, respectively. Each sample
was then standardized to its own total value (total RFU) and
a cumulative profile (adding standardized peak values along
ascending fragment size) was calculated for each sample. Finally,
a resemblance matrix was calculated from the cumulative profile
matrix using Manhattan distance (implemented in Primer 7) as
resemblancemeasure. Differences betweenmicrobial community
signatures of different samples and sites were tested by ANOSIM
(One-way-analysis of similarities with 999 permutations).
Relative Abundance of P-Solubilizing
Bacteria
To determine the relative abundance of PSB, 0.5 g of soil from
the topsoil was mixed with 49.5ml of sterile water and shaken
for 45min. The relative abundance of PSB is the proportion of
colony-forming units (CFU, colonies that grow on the medium)
able to solubilize P divided by the total number of CFUmultiplied
by 100. The soil suspension was diluted by a factor of either
1,000 or 10,000 according to cell density assessed in pre-
experiments. An aliquot of the soil suspension was added to an
agar plate containing Pikovskaya (PVK) medium [10 g glucose,
5 g hydroxyapatite, 0.5 g (NH4)2SO4, 0.2 g NaCl, 0.1 g MgSO
∗
47
H2O, 0.2 g KCl, 0.5 g yeast extract, 0.002 g MnSO
∗
4H2O, 0.002 g
FeSO∗47 H2O, and 15 g agar per liter (Pikovskaya, 1948)]. Plates
were incubated for 7 days at 20◦C before colonies were counted.
At least 100 colony-forming units (CFU) per soil sample were
screened. If CFU are able to solubilize P from the hydroxyapatite
in the medium, a clear zone (halo) around the CFU becomes
visible. If a halo with a diameter > 1mm was visible around a
CFU, the isolate was classified as a strong PSB. If a CFU produced
a halo< 1mm it was classified as weak PSB. However, it has to be
taken into account that the condition in our physiological assay
favored fast-growing bacteria. Thus, we might underestimate the
P solubilization of slow-growing bacteria.
Sequencing of P-Solubilizing Bacteria and
Processing of Sequence Data
Colonies of PSB were selected for sequencing and picked
from the agar plate using sterile toothpicks. Genomic DNA
of the bacterial colonies was extracted using the “NucleoMag
96 Tissue” kit (No. 744300, Macherey-Nagel) on a KingFisher
liquid handling platform (Thermo Scientific). Genomic DNA
was diluted 100-fold with nuclease free water and 16S fragments
covering variable regions (V5–V8) were amplified using primers
799F (Chelius and Triplett, 2001) and 1391R (Walker and Pace,
2007). PCR products were purified using the “NucleoMag 96
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PCR” cleanup kit (No. 744100, Macherey-Nagel) on a KingFisher
liquid handling platform. PCR products were sequenced (Sanger
sequencing, GATC Biotech) using primer 799F. Sequence data
were analyzed in Geneious sequence analysis software (v. 11;
Biomatters Ltd.). The sequences were searched for PCR primer
sequences (799F and 1391R) and for low quality bases, which
were excluded from sequence database searches. Fragment size
after quality trimming was ∼580 bp, some fragments with high
quality in most parts were shorter. Sequence similarity searches
were conducted against the nr/nt nucleotide database at NCBI
as well as the 16S sequences of the “NCBI RefSeq Targeted Loci
Project”. 16S sequence alignments were calculated by MAFFT (v.
7.388, Geneious plugin; Katoh and Standley, 2013). Sequences
were aligned in phylogenetic trees, which were edited using
Evolview (He et al., 2016). In total, 903 PSB isolates were
sequenced and used for further analyses. The list of the 20
best matching sequence hits for each isolate was uploaded into
PRIMER 7 (Clarke and Gorley, 2015), standardized, cumulated,
and clustered. Isolates, which had a consensus of more than
99% in the cluster analysis, were considered as identical isolates.
After identification of identical isolates, a “consensus name”
was assigned for each isolate cluster according to Peršoh et al.
(2010) called operational taxonomic unit (OTU) in the following.
For OTU assignment, we chose a taxonomic level that unified
all names under which the 20 best matching sequences with
a consensus ≥ 97% to the respective isolate sequence were
deposited. To this end, the name of the lowest common rank
in the nomenclatural hierarchy was chosen (Peršoh et al., 2010).
Names for OTU assignment were used as indicated in the NCBI
database, although recently so-called environmental bacteria
of the genus Burkholderia have been transferred to the genus
Paraburkholderia (Dobritsa and Samadpour, 2016). Analyses of
similarities (ANOSIM) based on the number of OTUs grouped
by taxon were conducted in PRIMER 7 to check first, if sites have
a significant effect on PSB community and second, if treatments
have a significant effect on PSB community.
Phosphatase Activity
Phosphatase activity was determined using the fluorogenic
substrate 4-methylumbelliferyl-phosphate following German
et al. (2011) and Herold et al. (2014). To this end, 1 g
of moist soil was mixed with 50ml of sterile water and
shaken for 20min. Four replicates of the soil homogenates
were pipetted into black polystyrene 96-well microplates and
substrate solution was added. Microplates were covered and
pre-incubated in the dark at 15◦C for 30min and measured
fluorometrically after 0, 60, 120, and 180min with 360 nm
excitation and 460 nm emission filters (Herold et al., 2014) using
a microplate reader (Infinite R© 200 PRO, TECAN). Enzyme
activities were calculated according to German et al. (2011),
except that we used the slope of net fluorescence over time to
calculate enzyme activities. Fluorescence values were corrected
for quenching of the soil, fluorescence of the substrate, and
fluorescence of the homogenate. Since we added a substrate to
our samples, potential enzyme activities were measured. Each
time we mention enzyme activities, potential enzyme activities
are meant.
Statistics
To test whether differences between the treatments at one site
and in one soil depth increment were statistically significant,
ANOVA followed by Tukey post-hoc test (p < 0.05) for multiple
comparisons was used, if residuals were normally distributed
(tested with Shapiro-Wilks test, p > 0.05) and variances were
homogenous (tested with Levene test, p> 0.05). If necessary, data
were log-, or square root-transformed and retested.
To show the element concentrations and the P fractions of
the different sites, we first normalized element and P fraction
data of all sites (TOC, TN, TP, TOC:TN ratio, TOC:TP ratio,
TN:TP ratio, DOC, DN, DIP, DOC:DN ratio, TOP, Bray-1 P,
water-extractable P, labile P, occluded P, apatite P, residual P, and
soil pH) and calculated an Euclidean distance matrix in PRIMER
7 (Clarke and Gorley, 2015) with 999 permutations before non-
metric multi-dimensional scaling (nMDS) was perfomed. The
nMDS plot was overlaid by circles whose sizes reflect values of
the TOC:TP ratios of all soils and with vectors of the Pearson
correlations of the variables, where the arrows show in the
direction of the highest correlation with the variables. Finally,
one-way-ANOSIM with 999 permutations was used to test, if
nutrient concentrations significantly differ by site.
To test the effects of nutrient addition on relative PSB
abundance and phosphatase activity across all sites, a linear
mixed-effects model as implemented in the R package nlme
(Pinheiro et al., 2018) was used. This approach was chosen
because it allows to show treatment effects among a set of sites
spanning large biogeographical gradients. Treatment was set as
fixed factor and random intercepts were included for sites to
adjust for variability among them.
Finally, to examine the effects of climate and soil physical and
chemical parameters as predictors for the relative abundance of
PSB at site level, multi-model selection according to Grueber
et al. (2011) was done to assess the relative importance of
a range of covarying factors. The global model was fitted
with random intercepts for treatments at each site to adjust
for variations caused by them. Explanatory variables included
in the global model were TOC, TN, TP, soil TOC:TN ratio,
soil TOC:TP ratio, soil TN:TP ratio, DOC, DN, DIP, Bray-
1 P, TOP, water-extractable P, labile P, occluded P, apatite P,
residual P, pH, sand, MAT, and MAP. Silt and clay content
were tested as explanatory variables in the model as well, but
sand content obtained a greater model fit (R² and p-value)
after multi-model selection. Prior to analysis, input variables
were standardized using the arm function within arm R library
(Gelman et al., 2018). A full submodel set was generated with
the dredge function in MuMIn R library (Barton, 2018). The
models within the top four AICc (AIC corrected for small sample
size) units of the model with the lowest AICc were averaged
using the model.avg function of the MuMIn R library. The
term “importance” represents the relativized sum of the AIC
weights summed across all the models in which the parameter
appears and can range between 0 (parameter has no explanatory
weight) and 1 (parameter is present in all top models). The model
variables with a relative variable importance of 1 were selected
to fit an optimal linear mixed-effects model containing the most
important variables, of which R² and p-value were calculated.
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The model R² was calculated as the conditional R² according
to Nakagawa and Schielzeth (2013), and the model p-value was
obtained by likelihood ratio test of the full model with the effect
in question against the model without the effect in question. All
statistical analyses were done using R version 3.3.1 (R Core Team,
2018).
RESULTS
Site Characteristics and Soil Chemical
Parameters
The analyzed sites span broad biogeographic gradients that could
control P dynamics. Mean annual temperature ranged from 6◦C
at Cedar Creek (cdcr.us) to 18◦C at Ukulinga and Summerveld
(ukul.za, summ.za), mean annual precipitation ranged from
678mm at Rookery (rook.uk) to 891mm at Chichaqua Bottoms
(cbgb.us) (Table 1), and pH values in the topsoil controls ranged
from 3.8 at Rookery (rook.uk) to 5.9 at Ukulinga (ukul.za)
(Table 2). In addition, soil texture was diverse, ranging from
sand at Cedar Creek (cdcr.us) to silty clay at Ukulinga (ukul.za,
Table 2). Further, there was a pronounced gradient of TOC
and TN concentrations across all sites (Table 2). Mean TOC
concentrations in the topsoil control reached from 7 g kg soil−1
at Chichaqua Bottoms (cbgb.us) to 49 g kg soil−1 at Summerveld
(summ.za) and mean TN concentrations from 0.5 g kg soil−1 at
Chichaqua Bottoms (cbgb.us) to 3.7 g kg soil−1 at Herons Brook
(hero.uk). In the control, TOC and TN in both depth increments
were highest in the soils in South Africa and significantly
lower in the soils in UK (−44 and −25%, respectively) and
the USA (−85 and −81%, respectively) (Table 2). Mean TP
concentrations in the topsoil control ranged between 0.28 g kg−1
in Chichaqua Bottoms (cbgb.us) and 0.62 g kg−1 in Heron’s
Brook (hero.uk, Table 2). The soils in UK contained the highest
TP concentrations in the control in both depth increments,
followed by the soils in South Africa (−11%) and in the USA
(−41%). Topsoil TOC:TP ratios in the controls ranged from 40
in the soils from Chichaqua Bottoms (cbgb.us) to 359 in the
soils from Summerveld (summ.za, Figure S1) and topsoil TN:TP
ratios in the control soils ranged from 3.4 in Chichaqua Bottoms
(cbgb.us) to 17.4 in Summerveld (summ.za).
P fractions varied among the sites as well. For instance, apatite
P was below 1 % of TP in the soils in South Africa, amounted
to 3-5% in the soils in the UK, and to 14–22% of TP in the
soils in the USA (Figure S2). DOC, DN, and DIP formed a
pronounced gradient among all soils as well (Table 3). Mean
DOC concentrations in the topsoil control ranged from 15mg kg
soil−1 in Cedar Creek (cdcr.us) to 115mg kg soil−1 in Ukulinga
(ukul.za) and mean DN concentrations were lowest in Cedar
Creek (cdcr.us, 3mg kg soil−1) and highest in Rookery (rook.uk,
14mg kg soil−1) compared to the other sites (Table 3). The
resembled element concentrations and P fractions of all sites were
significantly different from each other (Figure S1).
Treatment Effects on Soil pH and Element
Concentrations
Addition of N and NP did not significantly decrease soil pH
in most soils. Only at Cedar Creek (cdcr.us), soil pH decreased
significantly in response to N addition in the topsoil and due to
N andNP addition in the second soil depth increment (Table S1).
Despite high amounts of N and P added, TOC, and
TN concentrations did not change significantly with nutrient
addition (an exception was the topsoil at Rookery (rook.uk),
where N addition increased TN concentrations compared to NP
addition and at Ukulinga (ukul.za), where NP addition increased
TN concentrations compared to control, Table S1). Addition of
P and NP significantly increased topsoil TP concentrations in
Ukulinga (ukul.za), Chichaqua Bottoms (cbgb.us), and Rookery
(rook.uk, Table S1). Mean TOC:TP ratios in the control soils of
all sites were 147.0 and P addition reduced mean TOC:TP ratios
to 96.0 (Figure S1). Topsoil TN:TP ratios in all treatments ranged
between 1.9 and 18.8 (Table S1) and topsoil DN:DIP ratios in
all treatments ranged even between 0.2 and 1604.6 (Table 3).
In the NP treatment, TN:TP ratios ranged between 2.5 and 9.8
(Table S1), and DN:DIP ratios ranged between 1.2 and 236.5
(Table 3). Addition of N, P, and NP significantly increased topsoil
DOC concentrations at Cedar Creek (cdcr.us), P andNP addition
increased topsoil DOC concentrations at Rookery (rook.uk), and
NP addition increased topsoil DOC concentrations at Heron’s
Brook (hero.uk) compared to control (Table 3). N and NP
addition also raised DN concentrations compared to control
and P addition in the topsoil at all sites except of Rookery
(rook.uk) and Heron’s Brook (hero.uk, Table 3). On average, N
and NP addition raised DN concentrations across all soils by
+164 and +106%, respectively, compared to the soils that did
not receive N (Table 3). In the topsoils, P and NP additions
significantly increased DIP concentrations compared to control
and N addition at all sites (Table 3).
Soil Microbial Biomass C and Microbial
Community Composition
The mean topsoil control concentration of microbial biomass C
varied widely between 163mg kg soil−1 in Cedar Creek (cdcr.us)
and 1,005mg kg soil−1 in Ukulinga (ukul.za, Table 3). The
microbial biomass C concentrations were significantly lower in
soils of the American sites compared to the concentrations in
the soils of South Africa and the UK. Topsoil microbial biomass
C did not vary significantly among treatments at each of the
sites (p > 0.05, Table 3). The bacterial and fungal community
did not differ significantly between treatments in either depth
increment among each site (data not shown) and at all sites (p
> 0.05, Figure S3). The bacterial community composition was
significantly different at each of the six sites, except for the sites
Cedar Creek (cdcr.us) and Rookery (rook.uk), which did not
differ in their bacterial community composition (Figure S4a).
The fungal community composition at each site was significantly
different from each other (Figure S4b).
Relative Abundance of P-Solubilizing
Bacteria
Across all sites, the relative abundance of PSB in the topsoil was
significantly lower in the N (−18%) and NP treatment (−41%)
than in the control (Figure 1A) according to the estimated
model predictors of the linear mixed-effects model. In the second
depth increment, the relative abundance of PSB in the NP
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TABLE 3 | Dissolved organic carbon (DOC), dissolved nitrogen (DN), dissolved inorganic phosphorus (DIP), and microbial biomass carbon (MBC) in 0-15 and 15–30 cm
depth in the sampled soils.
Site 0–15 cm 15–30 cm
Ctrl +N +P +NP Ctrl +N +P +NP
DOC
(mg C kg−1)
ukul.za 115 ± 7a 108 ± 15a 127 ± 6a 152 ± 34a 127 ± 33a 201 ± 52ab* 238 ± 14b* 217 ± 66b*
summ.za1 98 ± 3a 98 ± 9a 102 ± 10a 100 ± 1a NA NA NA NA
cdcr.us 15 ± 0.4a 20 ± 4.8b 20 ± 1.1b 24 ± 2.6b 11 ± 0.6a 12 ± 2.0a* 12 ± 0.3a* 15 ± 1.3a*
cbgb.us 18 ± 2.7a 22 ± 4.1a 18 ± 2.1a 22 ± 1.6a 15 ± 1.6a 22 ± 3.4a 20 ± 5.6a 20 ± 1.6a
rook.uk 23 ± 2.7a 29 ± 7.5ab 44 ± 8.3c 36 ± 3.5bc 15 ± 1.5a 16 ± 3.1a* 19 ± 1.0a* 18 ± 1.0a*
hero.uk 29 ± 2.6a 30 ± 3.4a 36 ± 1.2ab 40 ± 4.1b 19 ± 1.2a* 22 ± 4.2a* 23 ± 3.0a* 25 ± 3.9a*
DN
(mg N kg−1)
ukul.za 7.3 ± 0.3a 43.2 ± 11.2b 9.9 ± 5.0a 34.4 ± 5.7b 5.5 ± 1.1a 17.3 ± 4.9ab* 14.1 ± 3.3ab 19.5 ± 5.3b*
summ.za1 5.0 ± 0.1a 19.8 ± 5.0b 5.1 ± 0.2a 15.9 ± 3.1b NA NA NA NA
cdcr.us2 3.2 ± 4.4a 32.9 ± 15.6b 2.7 ± 2.1a 13.4 ± 2.9b 1.8 ± 1.5a 10.0 ± 1.0b 2.1 ± 1.5a 7.0 ± 2.1ab
cbgb.us 4.1 ± 3.1a 12.0 ± 1.4b 4.7 ± 1.9a 12.1 ± 3.9b 2.6 ± 2.2a 5.0 ± 2.8a* 2.9 ± 1.1a 4.8 ± 2.1a*
rook.uk 14.2 ± 2.7ab 14.7 ± 3.2b 10.9 ± 0.4ab 10.3 ± 1.2a 4.2 ± 2.4a* 3.8 ± 1.0a* 2.9 ± 0.8a* 4.0 ± 0.8a*
hero.uk 12.9 ± 3.6a 17.1 ± 3.9a 11.1 ± 3.5a 14.6 ± 8.7a 9.7 ± 3.8a 10.3 ± 0.8a 11.9 ± 4.4a 8.9 ± 3.2a
DOC:DN ratio ukul.za 18.2 ± 0.7b 3.0 ± 0.5a 17.8 ± 7.3b 5.3 ± 1.2a 27.0 ± 1.5b* 14.8 ± 5.5a* 20.3 ± 3.5ab 13.0 ± 1.4a*
summ.za1 22.9 ± 0.6b 6.0 ± 1.1a 23.2 ± 1.6b 7.5 ± 1.2a NA NA NA NA
cdcr.us3 18.1 ± 11.3b 0.8 ± 0.1a 12.0 ± 6.1b 2.1 ± 0.2a 10.9 ± 3.3b 1.4 ± 0.1a* 9.6 ± 4.7b 2.7 ± 0.6ab
cbgb.us 10.8 ± 3.0b 2.1 ± 0.2a 4.9 ± 1.5ab 2.3 ± 0.6a 10.0 ± 4.7a 5.9 ± 1.6a 8.8 ± 3.5a 5.6 ± 1.9a
rook.uk2 2.0 ± 0.5a 2.3 ± 0.3ab 4.6 ± 0.6c 4.0 ± 0.1bc 5.1 ± 1.9a* 4.8 ± 0.2a* 8.1 ± 1.7a* 5.4 ± 1.1a
hero.uk 2.7 ± 0.4a 2.1 ± 0.3a 4.0 ± 1.1a 4.2 ± 2.3a 2.6 ± 1.0a 2.5 ± 0.2a 2.5 ± 0.6a 3.5 ± 0.7a
DIP
(mg P kg−1)
ukul.za2 0.10 ± 0.07a 0.12 ± 0.04a 1.43 ± 0.19b 1.10 ± 0.25b 0.13 ± 0.05a 0.05 ± 0.05a* 2.09 ± 1.58b 0.92 ± 0.24b
summ.za1,2 0.05 ±0.04a 0.10 ± 0.02ab 0.25 ± 0.09b 0.27 ± 0.12b NA NA NA NA
cdcr.us2 0.16 ± 0.12a 0.13 ± 0.06a 13.37 ± 2.76b 12.29 ± 3.55b 0.06 ± 0.03a* 0.04 ± 0.01a* 4.19 ± 0.55b* 5.01 ± 0.89b*
cbgb.us2 0.37 ± 0.08a 0.25 ± 0.19a 7.67 ± 1.23b 11.1 ± 3.18b 0.13 ± 0.08a* 0.11 ± 0.05a 7.02 ± 3.11b 6.96 ± 1.91b
rook.uk2 0.02 ± 0.01a 0.03 ± 0.01a 1.25 ± 0.88b 1.22 ± 1.20b 0.02 ± 0.01a 0.02 ± 0.01a 0.04 ± 0.03a* 0.06 ± 0.02a*
hero.uk2 0.04 ± 0.01a 0.04 ± 0.01a 1.64 ± 0.85b 1.15 ± 0.72b 0.02 ± 0.01a* 0.03 ± 0.01ab 0.04 ± 0.01ab* 0.06 ± 0.01b*
MBC
(mg C kg−1)
ukul.za 1005 ± 134a 767 ± 196a 819 ± 157a 852 ± 71a 488 ± 93a* 444 ± 85a* 502 ± 113a* 549 ± 66a*
summ.za1 843 ± 133a 769 ± 111a 928 ± 278a 699 ± 16a NA NA NA NA
cdcr.us 163 ± 63a 235 ± 44a 193 ± 9a 169 ± 99a 119 ± 103a 100 ± 47a* 46 ± 31a* 134 ± 124a
cbgb.us 175 ± 61a 121 ± 23a 168 ± 51a 148 ± 100a 61 ± 15a* 119 ± 35a 69 ± 43a 142 ± 118a
rook.uk 651 ± 35a 588 ± 49a 507 ± 210a 746 ± 88a 351 ± 46a* 317 ± 94a* 248 ± 176a* 342 ± 248a*
hero.uk 662 ± 116a 603 ± 70a 638 ± 51a 591 ± 85a 526 ± 8b 363 ± 61ab* 298 ± 73a* 352 ± 76ab*
The soil at the site Summerveld (summ.za) was only sampled in 0–15 cm depth. Numbers depict means ± standard deviations (n = 3). Two-Way ANOVA was conducted followed
by Tukey-Test for multiple comparisons. Lower-case letters indicate significant differences between treatments separately tested for each site and depth increment. Asterisks indicate
significant differences between depth increments separately tested for each site and treatment.
1One-Way ANOVA and Tukey Test were performed.
2Data were LOG10 transformed.
3Reciprocally transformed (1/x).
treatment was also significantly lower (−60%) than in the control
(Figure 1B).
Site level-differences in the relative abundance of PSB
were more pronounced than treatment effects on the
relative abundance of PSB (Figure 2). The South African
site Summerveld showed the highest relative abundance of
PSB with 31% of all CFU being PSB, whereas the site Rookery
in the UK showed the lowest relative abundance of PSB with
4 % in the topsoil (Figure S5 and Table S3). Mean numbers of
CFUs ranged from 5.6 × 104 to 8.9 × 106 per g soil (Table S3).
Considering the sites separately, the relative abundance of
PSB did not differ significantly between the treatments,
except for the sites Cedar Creek (cdcr.us) and Summerveld
(summ.za, Figures S5b,d). The tendency of decreased topsoil
PSB abundance under NP addition was similar at all sites.
However, differences between nutrient addition treatments
were mostly not significant at single site level, mainly because
of high standard deviations. After multi-model selection, we
found that at site level, soil TOC:TP ratio, percentage of sand,
pH, and water-extractable P significantly predicted the variance
of the relative abundance of PSB in the topsoil with an R² of
0.71 (p < 0.01, Figure 2A and Table S2). A model based only
on the control treatments with the same variables, predicted
the variance of the relative PSB abundance with an R² of
0.83 (all variables were significant, p = 0.012, Figure 2B and
Table S2).
Community Composition and Activity of
P-Solubilizing Bacteria
The 903 sequenced PSB belonged to four phyla (Proteobacteria,
Firmicutes, Bacteroidetes, Actinobacteria) and eight
different classes (Actinobacteria, Alphaproteobacteria,
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FIGURE 1 | Effect of nutrient addition (N, P, NP) on the relative abundance of phosphorus-solubilizing bacteria (PSB) across all six sites in (A) 0–15 cm depth and (B)
15–30 cm depth. A linear mixed-effects model was calculated with treatment as fixed factor and random intercepts for sites. Points represent the mean value of the
model predictor while error bars represent the range of 95% confidence intervals. Predictors are considered significant, if error bars do not overlap with zero, indicated
with asterisks. The vertical intercept (position zero) corresponds to the control. Significant differences between treatments are indicated by lower-case letters at the
right side of the subplot.
FIGURE 2 | Linear mixed-effects model of (A) relative abundance of phosphorus-solubilizing bacteria (PSB) in all treatments, and (B) relative abundance of PSB in the
control at all six grassland sites in 0–15 cm depth. Measured relative abundance of PSB is shown on the x-axis and predicted relative abundance of PSB (best model
predictors: total organic carbon-to-total phosphorus ratio, sand content, soil pH, and water extractable phosphorus, Table S2) is shown on the y-axis. The linear
mixed-effects model was calculated after multi-model selection. R² was calculated as conditional R² according to Nakagawa and Schielzeth (2013), the standard line
is dashed (intercept = 0, slope = 1), and the fitted line of the model is solid.
Bacilli, Betaproteobacteria, Chitinophagia, Flavobacteriia,
Gammaproteobacteria, Sphingobacteriia). Pseudomonas and
Enterobacterales were present in all soils (Figure 3). The
sequenced colonies were assigned to 146 OTUs and the most
abundant OTUs were Pseudomonas (56 OTUs), Enterobacterales
(50 OTUs), and Paenibacillus (14 OTUs).
The PSB communities at all sites were significantly different
from each other (p < 0.05, occurrence of OTUs of different
taxa was tested), except for the sites Summerveld (summ.za) and
Chichaqua Bottoms (cbgb.us) as well as Cedar Creek (cdcr.us)
and Heron’s Brook (hero.uk) that were not different from each
other (Figure 4A). Across all sites, the PSB community in the N
andNP treatment was significantly different from the community
in the control and P treatment (p = 0.002) (Figure 4B). The
soils of the control and P treatment contained more different
Pseudomonas OTUs than the soils of the N and NP treatments
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FIGURE 3 | Phylogenetic tree of all sequenced phosphorus-solubilizing bacteria at the site (A) Ukulinga (ukul.za), (B) Summerveld (summ.za), (C) Cedar Creek
(cdcr.us), (D) Chichaqua Bottoms (cbgb.us), (E) Rookery (rook.uk), and (F) Heron’s Brook (hero.uk) in 0–15 cm soil depth. At least 100 colony-forming units per
sample were screened. Colors around the tree indicate the nutrient addition treatments. Colors inside the tree show the assigned name (OTU). The size of the dots
around the tree indicates the activity of P solubilization (weak or strong).
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FIGURE 4 | Relative number of operational taxonomic units (OTUs) of phosphorus-solubilizing bacteria in 0–15 cm soil depth sorted by (A) sites and (B) treatments.
Different letters indicate significant differences (p < 0.05) among sites (A) and among treatments (B).
and the number of different Enterobacterales OTUs was higher in
soils of the N and NP treatments than in the soils of the control
and P treatment (Figure 4B).
Between 16 and 24% of all PSB at the different sites were
classified as strong P solubilizers according to their halo size.
The proportions of PSB that were classified as strong solubilizers
across all sites differed among treatments, with the greatest
proportion (25%) in the control, 21% in both the N and P
treatment, and 18% in the NP treatment.
Phosphatase Activity
Phosphatase activity in the N treatment was significantly higher
(+17%) than in the control across all six topsoils (Figure 5A),
according to the estimated model predictor of the linear mixed-
effects model. Phosphatase activity also tended to be higher in
the NP treatment (+ 9%) than in the control in the topsoil,
but this difference was not statistically significant. Similarly,
in the P treatment, phosphatase activity tended to be lower
(−4%) than in the control in the topsoil, albeit the differences
were not statistically significant. In the second depth increment,
the differences in phosphatase activity between treatments and
control were not statistically significant (Figure 5B).
Considering the sites separately, phosphatase activity did not
differ significantly among the treatments at any site and in any
depth increment (Figure S6), mainly because of high standard
deviations. However, a tendency of increased phosphatase
activity under N addition was visible at most sites. Phosphatase
activity in the control treatment ranged from 17 nmol g−1
h−1 at Chichaqua Bottoms (cbgb.us) to 352 nmol g−1 h−1 at
Summerveld (summ.za) across all sites and depth increments
(Figure S6). Comparing the mean controls, the soils in the USA
had the lowest phosphatase activities of all six soils (Figure S6).
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FIGURE 5 | Effect of nutrient addition (N, P, NP) on soil phosphatase activity across all six sites in (A) 0–15 cm depth and (B) 15–30 cm depth. A linear mixed-effects
model was calculated with treatment as fixed factor and random intercepts for sites. Points represent the mean value of the model predictor while error bars represent
the range of 95% confidence intervals. Predictors are considered significant, if error bars do not overlap with zero, indicated with asterisks. The vertical intercept
(position zero) corresponds to the control. Significant differences between treatments (N, P, and NP) are indicated by lower-case letters at the right side of the subplot.
The specific phosphatase activity (phosphatase activity per
microbial biomass C) showed no significant difference (p > 0.05)
among treatments (data not shown).
DISCUSSION
Here we found that N addition led to a significant decrease
in the abundance of PSB (Figure 1). Furthermore, N addition
in combination with P addition decreased the abundance of
PSB even further, but when P was added alone, the abundance
of PSB was not affected. Addition of N and NP changed
the PSB community composition relative to the control and
the P addition treatment (Figure 4). Furthermore, N addition
significantly increased soil phosphatase activity across all topsoils
and P addition tended to decrease phosphatase activity, albeit not
significantly (Figure 5).
Relative Abundance and Activity of
P-solubilizing Bacteria
Our observation that the relative abundance of PSB was
significantly lower in the N andNP treatments than in the control
across all six topsoils (Figure 1) indicates that N availability may
affect the functional traits of the microbial community since
a reduced abundance of PSB might also result in a decreased
P solubilization. Microbes that can solubilize P may have an
advantage under nutrient-poor conditions, leading to an increase
in their relative abundance. The reason for this might be that
microorganisms adapted to N- and NP-rich soil do not invest
organic C and N into processes of nutrient acquisition, and
thus have more energy left for growth and other fitness-related
processes such as defense or the formation of symbiosis. Similar
functional adaptions of microbial communities to nutrient
availability have been described before (Calvaruso et al., 2007;
Mander et al., 2012; Lepleux et al., 2013; Nicolitch et al., 2016).
For example, in the rhizosphere of a temperate beech forest,
it has been shown that P solubilization efficacy was lower in
nutrient-rich soils than in soils with low nutrient availability
(Nicolitch et al., 2016). The finding that N and NP addition
decreased the relative abundance of PSB is against our hypothesis
that PSB need N for the processes to produce organic acids
and exopolysaccharides that solubilize P. In contrast, PSB are
likely sensitive to soil nutrient conditions, and their abundance
decreases under elevated nutrient availability, suggesting that
they are poor competitors when N and NP availability is high.
We found that the total number of strong PSB was lowest
under NP addition (−28% in comparison to control), suggesting
that the ability to strongly solubilize P is rewarding under low-
nutrient conditions, but not when N and P availability is high.
Our results build on a previous study of a beech forest in
France, reporting that the percentage of strong P solubilizers was
significantly lower in nutrient-rich soils than in nutrient-poor
soils (Nicolitch et al., 2016). Taken together, our results show
that across a wide range of soil biotic and abiotic conditions,
NP addition not only reduces the relative abundance of PSB but
also the abundance of PSB with a specifically high capacity to
solubilize P from minerals.
One reason why P addition alone did not significantly reduce
the relative abundance of PSB compared to the control (Figure 1)
might be that PSB do not only contribute to weathering of apatite
but also to weathering of other minerals, leading to mobilization
of K, Mg, Ca, and Fe (Hinsinger, 2001). Thus, even though
the ability to mobilize P might not be beneficial in soils with
high P availability, PSB might remain competitive in a high P
environment since they can also mobilize other nutrients. In
addition it could be that weathering is a side-effect of other
metabolic processes that do not fulfill the primary function of
mobilizing nutrients. This is supported by studies showing that
the abundance of PSB was not related to levels of total and
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available P in Canadian cropland and pasture soils (Kucey, 1983),
and in Irish agricultural soils (Browne et al., 2009). Still, it also
needs to be considered that the amount of P added in our study
(100 kg P ha−1 yr−1) may have been too small to cause significant
changes in the relative abundance of PSB. Mander et al. (2012)
reported a reduced abundance of PSB caused by additions as high
as 367 kg P ha−1 yr−1 in a New Zealand pasture. Taken together,
P addition did not reduce the relative abundance of PSB, which
contrasts our hypothesis.
Our finding that the relative abundance of PSB in the control
across all sites ranged from 2.6% in Rookery (rook.uk) to 46%
in Summerveld (summ.za) of all colonies matches with previous
studies that found abundances of PSB of 0.5% (Kucey, 1983)
and between 47 and 53% (Browne et al., 2009). We found that
the abundance of PSB across all sites was mostly affected by the
TOC:TP ratio, sand content, soil pH, and water-extractable P
content of the soils (Figure 2).The high relative abundance of
PSB in Summerveld (summ.za) can thus largely be explained by
the high TOC:TP ratios (Figure S1) and low concentrations of
water-extractable P (Figure S2) found at this site compared to
the other sites. We did not find a direct effect of P addition on
the abundance of PSB, but our results (Table S2) indicate that
the P concentration relative to the TOC concentration affects the
abundance of PSB and the explanatory value of TOC:TP ratios for
PSB abundance across all sites was higher compared to TN:TP
ratios. The reason for this might be that a main mechanism of
P solubilization is the production of organic acid anions (Jones
and Oburger, 2011), and microbes need organic C to build and to
release them. In addition, C addition has been shown to enhance
P solubilization in laboratory studies (Hameeda et al., 2006; Patel
et al., 2008), and a positive correlation between the soil TOC:TP
ratio and the relative abundance of PSB was found by Mander
et al. (2012). The sand content was positively correlated with the
relative abundance of PSB (Table S2). The reason for this might
be that across our sites, the sand content was correlated with
low nutrient concentrations (TOC, TN, TP, DOC, DN) and those
conditions favored the abundance of PSB. Further, PSB increased
with soil pH (Table S2), in agreement with Mander et al. (2012),
likely because the ability of PSB to release protons only results
in P solubilization in alkaline to moderately acid soils, but much
less in acid soils (Hinsinger, 2001). Furthermore, the relative
abundance of PSB was negatively related to water-extractable P
(easily-available P) in our model (Table S2). In lab studies, P
solubilization was also suppressed by very high levels of easily-
available P in the cultivation medium (Goldstein, 1986; Chabot
et al., 1998).
Community Composition of P-solubilizing
Bacteria
Our finding that the OTU Pseudomonas, Enterobacterales,
Acinetobacter, Burkholderia, Paraburkholderia, Bacillus,
and Paenibacillus were both present and highly abundant
in most samples (Figure 3) corroborates previous studies
reporting that these bacterial groups are able to solubilize P
(Oliveira et al., 2009; Lepleux et al., 2013; Liu et al., 2015).
Pseudomonas was one of the most abundant and most
diverse OTU. They are known to efficiently contribute to P
solubilization because many Pseudomonas species can oxidize
glucose to gluconic acid in the periplasm and release it into
soil (Goldstein, 2007).
In addition to the decreased relative abundance of PSB
under N and NP addition, we found a significant change in
PSB community composition due to N and NP addition as
hypothesized (Figure 4). For the whole bacterial community,
it was already shown that N addition shifted the community
composition in grassland soils (Ramirez et al., 2010; Fierer et al.,
2012; Leff et al., 2015). Against our hypothesis, P addition did
not change the PSB community composition confirming studies
showing that the bacterial community was less responsive to P
addition than to N addition (Coolon et al., 2013; Pan et al., 2014).
However, to our knowledge, there is no previous study describing
shifts in the PSB community and general PSB community pattern
under N and NP addition in grasslands.
The addition of N and NP lowered the number
of Pseudomonas OTUs and increased the number of
Enterobacterales OTUs. Our results indicate that certain
Pseudomonas OTUs are hampered by N and NP addition
and seem to be better adapted to nutrient-poorer conditions.
This agrees with studies reporting that the abundance and
diversity of Pseudomonads was higher on a nutrient-poor than
on nutrient-rich medium (Aagot et al., 2001) and that most
PSB were Pseudomonads in non-fertilized soils (Mander et al.,
2012). A reason for the higher number of Enterobacterales than
Pseudomonas OTUs under N and NP addition could be that
they respond differently to changing amounts and composition
of root exudates as can be expected by the reported strong
changes in plant community composition in response to the
nutrient additions (Rengel and Marschner, 2005; Badri and
Vivanco, 2009; Harpole et al., 2017). This speculation is based
on the observation that Enterobacterales and Pseudomonads
prefer different substrates: Enterobacterales prefer amino acid
glycine, while Pseudomonas prefer sugars (Goldfarb et al.,
2011). We screened for PSB with a culture-dependent approach
using PVK medium, which is commonly used to determine the
abundance of PSB (Mehta and Nautiyal, 2001) but discriminates
against non-cultivable microorganisms. Currently, there are
no metagenomics approaches available for determining the
abundance of PSB since many processes are involved in P
solubilization, which makes it impossible to determine PSB by
targeting one specific gene. However, the sequenced PSB reflect
the dominant taxa found in the same grassland soils (Leff et al.,
2015). Further, previous studies showed the PSB isolated based
on culture-dependent screening techniques were representative
for the total bacterial community as analyzed by pyrosequencing
(Nicolitch et al., 2016). Besides bacteria, plants, and fungi also
contribute to P solubilization by the release of protons, organic
acids and other chelating agents (Hinsinger, 2001; Jones and
Oburger, 2011). However, in this study we focused on the
abundance of P-solubilizing bacteria, since between 1 and 50% of
soil bacteria (Kucey et al., 1989) can be classified at PSB, whereas
only 0.1–3% of soil fungi (Banik and Dey, 1982; Kucey, 1983)
can be classified as P-solubilizing fungi. However, rates of P
solubilization by bacteria and fungi on single species level can be
similar (e.g., Vazquez et al., 2000).
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Phosphatase Activity
Our result that phosphatase activity was significantly higher
under N addition in the topsoil than in the control (Figure 5)
indicates that microorganisms and plants invested into the
production of phosphatases when provided with additional
N, suggesting that increased N availability might increase P
demand. This is in accordance with a meta-analysis showing that
plants and microbes invest into P acquisition, if N availability
increases (Marklein and Houlton, 2012). This might allow them
to maintain their biomass stoichiometry despite changes in
element availability in their environment (Spohn, 2016). In
addition, increased N availability likely facilitates the production
of phosphatases, since phosphatases contain large amounts of N
that is lost for the organisms when phosphatases are released
into the soil. Our finding is in accordance with our hypothesis
and with previous studies, reporting an increase in phosphatase
activity in response to N addition (Olander and Vitousek, 2000;
Marklein and Houlton, 2012; Margalef et al., 2017).
Phosphatase activity was likely lower in the P than in
the N addition treatment because plants and microbes reduce
the production of phosphatases when provided with inorganic
P (Oshima et al., 1996). Yet, contrary to our hypothesis,
phosphatase activity was not significantly reduced in the P
addition treatment compared to the control (Figure 5). Our
results are counter to the findings of a meta-analysis (Marklein
and Houlton, 2012) and further studies showing that inorganic
P addition inhibits phosphatase activities in soil (Olander and
Vitousek, 2000; Moscatelli et al., 2005). However, the absence
of a suppressive effect of P addition on phosphatases has also
been reported (Schneider et al., 2001; Allison and Vitousek,
2005; Criquet and Braud, 2008). An explanation for the less
pronounced decrease in phosphatase activity due to P addition
could be that microbial phosphatase activity is also controlled
by microbial need for C, and thus rather depends on C than on
P availability (Spohn and Kuzyakov, 2013; Heuck et al., 2015).
Further, depending on the type of nutrient limitation of the
plants, P and especially NP addition can increase aboveground
net primary productivity (Elser et al., 2007), and thus increase
organic matter inputs to soil making it more rewarding for
microorganisms to mineralize organic P.
CONCLUSIONS
Taken together, our study indicates that N addition to soil
strongly affects P mobilization processes in grassland soils. Our
results suggest that microorganisms invest preferentially into
mobilizing organic P in response to high N inputs to soil. In
contrast, under N-poor conditions, the microbial community
has a high capacity to mobilize P from inorganic sources as
indicated by a high abundance of PSB. Consequently, increased
atmospheric N deposition may decrease solubilization of bound
inorganic P and increase mineralization of organic P. These
findings have important implications for element cycling because
they indicate that high chronic N inputs could induce a shift
from P mobilization from minerals to increased recycling of
organically bound P in grassland soils.
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